A two-step purification protocol was used in an attempt to separate the constitutive NAD(P)H-nitrate reductase INAD(P)H-NR, pH 6.5; EC 1.6.6.21 activity from the nitric oxide and nitrogen dioxide (NO(X)) evolution activity extracted from soybean (Glycine max [L.] Merr.) leaflets.
It has been shown that the predominant compound evolved from soybean leaves during the purged in vivo NR3 assay is nitric oxide (NO) with trace amounts of nitrous oxide (N20) and 'Supported by an American Soybean Association research grant, project number 84953. 2 Present address: Department of Agronomy and Plant Genetics, University of Minnesota, St. Paul, MN 55108.
'Abbreviations: NR, nitrate reductase; NO(X), refers collectively to nitric oxide (NO) and nitrogen dioxide (NO2); FMNH2, reduced flavin mononucleotide; MV, methyl viologen; pHMB, p-hydroxymercuribenzoate; FAD, flavin adenine dinucleotide; KCN, potassium cyanide. nitrogen dioxide (NO2) also present (4) . It was suggested earlier by Harper (5) that the formation of NO(x) was due to an enzymic reaction. Further evidence for an enzymic reaction came from the isolation of a soybean mutant (designated nr,) whose leaflets lacked both the constitutive NR activity and ability to evolve NO(x) (14, 17) . It was also determined (17) that there was joint inheritance of the constitutive NR and NO(x) evolution activities during reciprocal crosses between the wild-type and the nr, mutant. Additional support for the association ofthe constitutive NR and NO(x) evolution activities came from the observation that roots and cell suspension cultures of wild-type soybean plants lack both the constitutive NR and NO(x) evolution activities (6) .
It was later determined that there were two forms of constitutive NR in wild-type soybean leaflets, which were designed c,NR and c2NR (22) . The c,NR enzyme has a pH optimum of 6.5, prefers NADPH as an electron donor (though NADH may also be used), and has a high Km for nitrate (5.0 mM). The c2NR enzyme has a pH optimum of 6.5, prefers NADH as an electron donor, and has a low Km for nitrate (0.19 mM). The c1NR and the c2NR enzymes are designated constitutive since they are present in wild-type soybean leaflets grown on urea or zero N (i.e. in the absence of the nitrate inducer). Wild-type soybean leaflets also contain an inducible NR enzyme (iNR) when grown on nitrate. The iNR has a pH optimum of 7.5, prefers NADH as an electron donor, and has a low Km for nitrate (0.13 mM) (22) . The presence of two constitutive NR enzymes was supported by the characterization oftwo additional soybean mutants (designated LNR-5 and LNR-6) whose leaflets lack the c2NR enzyme but retain the c1NR enzyme (20) . Leaflets of urea-grown LNR-5 and LNR-6 plants (resulting in the presence of only c1NR) have been shown to exhibit rates ofNO(x) evolution during the purged in vivo NR assay that are comparable to rates exhibited by nitrate-grown wild-type plants (all three NR forms present) (20) . This indicates that an association exists between the c1NR enzyme and the ability to evolve NO(X).
The c1NR enzyme of soybean leaflets is similar to most assimilatory NR enzymes in that it exhibits NADH Cyt c reductase activity, FMNH2-NR activity, and reduced MV-NR activity. The c1NR enzyme is also inhibited by pHMB at the initial site of electron transfer through the enzyme, it is inhibited by KCN (4) .
Extraction of NRs from unifoliolate leaves, followed by an initial purification with Blue Sepharose column chromatography, was performed as described (21) with the following exceptions.
Ten milliliters and 100 mL of extraction medium, containing 10
Mm FAD and 0.1 M K-phosphate (pH 7.4) instead of Tris-HCl, were used per gram leafofsoybean and winged bean, respectively, and 6 mL of 50 uM NADPH or NADH in washing buffer per gram gel was used for elution of NRs. All eluted fractions were assayed for constitutive NAD(P)H-NR (pH 6.5), constitutive NADH-NR (pH 6.5), inducible NADH-NR (pH 7.5), and NO(x) evolution activities. The NR activities were measured under conditions that had been optimized for each NR form (21, 22) . It is important to note that each NR form has a varying degree of activity under the assay conditions optimized for the other NR forms (20) . NO(x) evolution activity was determined colorimetrically as nitrite with the system described by Harper (5). The assay mix consisted of one drop of octyl alcohol to prevent frothing, 20 mm K-phosphate (pH 7.5), 20 mM KNO2, and 0.5 mM NADH (the assay was later optimized to contain 20 mM Kphosphate [pH 6 .75] and 5 mM KNO2). Assays were started by the addition of 1 mL of each eluted fraction to give a final volume of 10 mL. The assay mix (incubated at 30C) was purged with N2 for 30 min at a flow rate of 150 mL min-', and the fritted gas dispersion tube was transferred to a fresh 20 Partial Activity and Inhibitor Analyses. The Blue Sepharosepurified enzyme was examined for both constitutive NAD(P)H-NR (pH 6.5) and NO(x) evolution activities in the presence ofKCN and pHMB, using either FMNH2, reduced MV, or NADPH as the reductant source. The enzyme was prepared as described above for the pH optimum and kinetic studies except that the resuspension buffer did not contain FAD.
When FMNH2 was used as the reductant source in the presence of KCN, the NO(x) assay medium contained one drop of octyl alcohol, 20 mm K-phosphate (pH 6.75), 1.5 mM FMN, the appropriate concentration of KCN, and 0.2 mL (about 30.5 Mug of protein) of concentrated enzyme. The enzyme was prereduced with FMNH2 by adding 0.25 mL of Na2S204 (0.1 g/25 mL of 10 mM NaHCO3, pH 8.5) and preincubating the assay mix without purging for 5 min at 30°C. The NO(x) assay was then started by the addition of 0.75 mL of a KNO2 solution to give a final concentration of 5 mm in a final volume of 5 mL. NO(x) was detected as previously described. The fritted gas dispersion tube was transferred to fresh trapping solution every 15 min.
When FMNH2 was used as the reductant source in the presence of pHMB, the NO(X) assay mix was the same as used in the KCN inhibition studies except that 0.7 mL of a solution containing the appropriate concentration of pHMB dissolved in 14 mM NaOH and 10 mm NaHCO3 (pH 8.5) replaced the KCN. In addition, the enzyme was not prereduced, the assay was started by the addition of Na2S204, and the assay time was only 15 min. MV-and NADPH-NO(x) assays were conducted the same as the FMNH2-NO(,) assays except that where appropriate 1.0 mm MV MV replaced the FMN and 0.375 mM NADPH replaced both the FMN and Na2S204. In all experiments, the A540 value of the trapping solution, following the actual NO(X) assay, was corrected for the A540 value obtained from a minus enzyme control assay.
To measure FMNH2-NR activity in the presence of KCN, the assay mix consisted of 20 mm K-phosphate (pH 6.5), 1.5 mM FMN, the appropriate concentration of KCN, and 0.04 mL (about 6.1 ,g of protein) of concentrated enzyme. The enzyme was prereduced as before with 0.05 mL of Na2S204 (0.1 g/25 mL of 10 mM NaHCO3, pH 8.5) and the assay was started by the addition of 0. 15 mL of a KNO3 solution to give a final concentration of 80 mm in a final volume of 1 mL. The 15-min assay was terminated by vortexing the assay mix for 20 s. Color was developed by the addition of 1 mL of sulfanilamide (10 g/L of 1.5 N HCI) followed by 1 mL of n-l-napthylethylenediamine diHCl (0.2 g/L of H20).
To measure FMNH2-NR activity in the presence of pHMB, the NR assay mix was the same as used in the KCN inhibition studies except that 0.14 mL of a solution containing the appro-priate concentration of pHMB dissolved in 14 mM NaOH and 10 mM NaHCO3 (pH 8.5) replaced the KCN, the enzyme was not prereduced, and the assay was started by the addition of Na2S204. The MV-and NADPH-NR assays were conducted the same as the FMNH2-NR assays except that 1.0 mM MV and 0.375 mm NADPH replaced the appropriate reagents. The MV-NR assays were terminated by vortexing as with the FMNH2-NR assays, and the NADPH-NR assays were terminated by the addition of 1 mL of sulfanilamide (10 g/L of 1.5 N HCI), and color was developed as described above. Protein. Protein was determined by the Bradford method (2) with BSA as a protein standard. RESULTS Elution Profiles. Both the constitutive NAD(P)H-NR (pH 6.5) (c,NR) and NO(x) evolution activities were eluted from Blue Sepharose with NADPH when either nitrate-or zero N-grown wild-type soybean (cv Williams) was used as the enzyme source (Fig. 1, A and B) . The elution profile of the NO(x) evolution activity coincided with the elution profile of the c,NR activity. NADH eluted both the constitutive NADH-NR (pH 6.5) (c2NR) and the inducible NADH-NR (pH 7.5) (iNR) activity from nitrate-grown Williams and only the c2NR activity from zero Ngrown Williams (Fig. 1, A and B) . None of the NADH-eluted fractions were found to express NO(x) evolution activity.
When zero N-grown LNR-5 and LNR-6 soybean mutants were used as the enzyme source, both the cjNR and the NO(x) and 0.5% casein. The extract was mixed with 10 g of Blue Sepharose, and activities were sequentially eluted with 60 mL of NADPH (0.05 mM) followed by 60 mL of NADH (0.05 mM) in washing buffer that consisted of 100 mM K-phosphate (pH 7.8), 1 mm EDTA, 1 mm DTT, and 10 AM FAD. Enzyme activities were assayed as described under "Materials and Methods." Maximum activities were: A, 20.9 nmol min-' mL-' for NR activity and 12.8 nmol min-' mL-' for NO(x) evolution activity; B, 14.5 nmol min-' mL'1 for NR activity and 6.01 nmol min-' mL-' for NO(x) evolution activity. evolution activities were again eluted from Blue Sepharose with NADPH and the activity profiles coincided (Fig. 2, A and B ).
The peaks of activity representing c2NR and iNR in the NADPH eluted fractions (Fig. 2, A and B) were not due to the presence of these enzymes, but rather to the presence of the c,NR enzyme which has some measurable activity under the assay conditions optimized for the other two NR forms (20) . NADH did not elute any NR activity from the blue Sepharose since the LNR-5 and LNR-6 mutants have been characterized as lacking the c2NR enzyme (20) , and the iNR was eliminated due to growth on zero N.
Elution profiles from Blue Sepharose loaded with extracts from nitrate-and zero N-grown winged bean are shown in Figure 3 , A and B. All of the NR and NO(x) evolution activity was eluted with NADPH regardless of whether nitrate-or zero N-grown leaves were used as the starting material. The NR activity eluted with NADPH had maximum activity with the assay conditions that had been optimized for soybean c,NR. The fractions containing NR activity were the same as those containing NO(x) evolution activity. The activities ofboth the NR and NO(x) assays from winged bean were severalfold higher than the activities obtained from soybean, even though the amount of soybean leaf tissues used for extraction was three times greater than the amount of winged bean leaf tissue.
The lack of c2NR and iNR in urea-or zero N-grown LNR-5 and LNR-6 mutant plants eliminated the possibility that a small amount ofeither ofthese enzymes might be eluted with NADPH during Blue Sepharose chromatography and cross-contaminate the fractions containing c,NR and NO(,) evolution activities. Therefore, unifoliolate leaves from these two sources (particularly LNR-5 due to better expansion of unifoliolate leaves) provided good starting material for further purification. In addition, the calculations of recovery and magnitude of purification are more accurate since the initial activity expressed in the crude extracts 3. Elution profiles of winged bean (cv Lunita) NR and NO(x) evolution activities from Blue Sepharose columns loaded with extracts from (A) nitrate-grown or (B) zero N-grown plants. Activity was measured with assay conditions that had been optimized for soybean c,NR (U-U), c2NR (0-0), iNR (0-0), and NO(X) evolution activity (E-l). Blue Sepharose chromatography was as described in Figure 1 legend except that only 3 g of leaf tissue were used. Maximum activities were: A, 212.7 nmol min-' mL-' for the NR activity and 29.7 nmol min-' mL-' for the NO(x) evolution activity; B, 80 nmol min-' mL-' for the NR activity and 15.1 nmol min-' mL-' for the NO(x) evolution activity.
represents only the c,NR activity and not a mixture of the isozymes.
An FPLC-Mono Q anion exchange column was used following Blue Sepharose chromatography in an attempt to separate the cjNR activity from the NO(x) evolution activity extracted from urea-grown LNR-5 mutant plant leaves. Following this step, the elution profiles for both the c,NR and the NO(X) evolution activities still coincided (Fig. 4) , indicating that the two activities were not separated. The two-step purification described resulted in a greater than 2500-and 2900-fold purification with a 4.5 and 5.5% recovery when based on the cjNR and the NO(x) evolution activities, respectively (Table I) .
pH Optimum and Km Values for NO(X) Evolution Activity. The determination of the pH optimum for in vitro NO(x) evolution activity was confounded by the nonenzymic conversion of nitrite to gaseous nitrogen compounds under conditions of low pH. Control assays run in the absence of enzyme revealed that substantial amounts of nitrogenous compound detected by the preoxidizer/Greiss-Saltzman assay were produced as the pH of the assay medium was decreased below 6.75. Therefore, the amount of nitrogenous compound produced during control (minus enzyme) assays was subtracted from the amount of NO(x) produced during the actual enzyme assay. The results, corrected for nonenzymic NO2 reduction, are depicted in Figure 5 . The pH optimum for the in vitro enzymic NO(x) evolution activity was 6.75 regardless of whether NADPH or NADH was used as the reductant source (Fig. 5) . The pH optimum for the c,NR nitrate reductase activity was previously determined to be 6.5 (3, 22) .
The apparent Km for nitrite during NO(x) evolutin activity was the same regardless of whether excess NADPH or NADH served as the electron donor (Table II) . The apparent Km values for either NADPH or NADH in the presence of excess nitrite were also very nearly the same (Table II) .
Comparison of Electron Donors and Inhibitor Response. The Blue Sepharose-purified enzyme had the ability to use FMNH2 and reduced MV as electron donors, in addition to NAD(P)H, for the NO(x) evolution activity (Tables III and IV in the absence of inhibitor). As determined before by Nelson et al. (15) , these same electron donors will support cjNR activity (Tables III and   IV) . However, as seen in Tables III and IV in the absence of inhibitor, the efficiency of each electron donor was different for each activity.
The NADPH-, FMNH2-and reduced MV-c,NR and the NADPH-, FMNH2-, and reduced MV-NO(X) evolution activities were all inhibited by increasing concentrations of KCN (Table  III) . In each case, the increasing concentrations ofKCN inhibited the c,NR and NO(x) evolution activities in a similar, though not identical, manner.
The NADPH-c,NR and NADPH-NO(X) evolution activities were also both inhibited by increasing concentrations of pHMB; however, the NADPH-NO(X) evolution activity appeared to be more sensitive to this inhibitor than the NADPH-c,NR activity (Table IV) . The FMNH2-and MV-c,NR and FMNH2-and MV-NO(X) evolution activities were much less sensitive to inhibition by pHMB (Table IV) .
DISCUSSION
The inability to separate the NO(x) evolution activity from the c,NR activity, using Blue Sepharose affinity chromatography followed by FPLC-anion exchange chromatography, provided strong evidence that the two activities were associated with the same enzyme. At each step of the purification, the magnitude of purification and percent recovery for both activities were very similar (Table I ). This two-step purification procedure resulted in a nearly homogenous preparation of the c,NR enzyme (21) . Therefore, it is unlikely that another enzyme with NO(x) evolution activity is copurifying with the c,NR enzyme. trificans (16), Alcaligenesfaecalis (9), and Pseudomonas stutzeri (12) . The copper-containing enzyme has been found in Alcaligenes sp. (1 1), Achromobacter cycloclastes (10) , and Rhodopseudomonas sphaeroides (18) . No reports of a molybdenum-containing dissimilatory nitrite reductase could be found. The nitrite reductase isolated from Achromobacter cycloclastes has a Km for nitrite of 0.5 mm (10), which is similar to the Km for nitrite of the c,NR enzyme from soybean during NO(x) evolution activity (Table II) . It is interesting that the c,NR enzyme has a higher affinity for nitrite than for nitrate. However, under normal conditions of plant growth nitrite rarely accumulates in plant tissues. Therefore, it is unlikely that substantial amounts ofNO(x) are evolved from intact soybean under ambient conditions. The NO(x) evolution activity appears to be a unique biochemical marker for the soybean c,NR enzyme or an NR enzyme similar to the c,NR enzyme as found in winged bean. NO(x) assays in vivo or in vitro could provide a means of screening various plant species for the presence of a c,NR-type enzyme.
This could be of taxonomic significance since the presence of a constitutive-NR enzyme is unique among higher plants (7), and NO(x) evolution in higher plants appears to be limited to the Phaseoleae tribe ofthe family Leguminosae: (Papilionoideae) (4) . LITERATURE CITED
